A total of 45 Pinus sylvestnis var. mongolica trees from 9 plots in northeast China were destructively sampled to develop aboveground prediction equations for inventory application. Sampling plots covered a range of stand ages (12-47-years-old) and densities (450-3,840/ha). The distribution of aboveground biomass of whole-trees and tree component (stems, branches and leaves) of individual trees were studied and 4 equations were developed as functions of diameter at breast height (DBH), total height (HT). All the equations have good estimation effect with high prediction precision over 90%. Forest biomass was estimated based on the individual biomass prediction equations. It was found forest biomass of all organs increased with the increasing of stand age and density. And the period of 45-50 years was the suitable harvest time for Pinus sylvesris plantation.
Introduction
Great attention has been paid to forest biomass in recent years because biomass is essential for carbon accounting, bio-energy feasibility studies, and other analyses. Accurate estimation of forest biomass is required for greenhouse gas inventories and terrestrial carbon cycle.
The earliest study of biomass was in Germany in 1876 by Ebermeyr, biomass of branches and leaves of several tree species and stem weight were measured (Ebermeyr 1876) . During the first half of the 20th century, thorough investigations of the various organs of forest biomass were started in some countries. As an essential tool for forest biomass estimation, biomass equations for individual trees have been produced in studies of forest production and its correlation with stand attributes. It used the tree variables that were easily measured to predict forest biomass. Once the models or equations were established, it can be used to estimate the biomass in similar stands based on forest resources inventory data. Especially in the large-scale survey of forest biomass, it can greatly reduce the field workload. Kittredge (1944) successfully predicted the leaf biomass of white pine (Pinus strobus Linn.) using a logarithmic regression equation. In the 1960s, with the implementation of International Biological Program (IBP), forest biomass and net primary productivity (NPP) were, for the first time, systematically studied worldwide, resulting in accumulation of biomass data and the development of new methods to estimate biomass (Cannell 1982; Satoo and Madgwick 1982) .
The biomass research in China began in the late 1970s.
J For Sci 28(2), 68-74 In the early 1980s, Chinese forestry researchers started a nationwide investigation on forest biomass and productivity in China, and large quantities of forest biomass data have been published in the past several decades (Fang et al. 1998; Feng et al. 1999; Fang and Wang 2001; Wang et al. 2001) . Currently, the biomass of hundreds of tree species all over the country were studied, which were focus on the China fir (Cunninghamia lanceolata (Lamb.) Hook.), bamboo species and Eucalyptus in the south (Wang 1996; Xiao et al. 1999; Chen et al. 2002; Dong et al. 2002) and many conifer and broad-leaved species all over the country (Liao 1996; Yi et al. 2000; Wang et al. 2001; Ding 2003) .
The study was performed in Pinus sylvesris plantation plots with different age, density and site conditions established in Northeast China. This paper describes studies to develop aboveground biomass prediction equations for different component of individual Pinus sylvesris trees in different plots. The total forest biomass of each plot was estimated used the prediction equations based on the inventory data. The relationships between total forest biomass and stand age, density were analyzed to provide basic information the reasonable management of Pinus sylvesris plantation.
Materials and Methods

Data collection
Sample trees were collected in 9 Pinus sylvesris plantations of different age and density from Mengjiagang forest center, which is located in the northeast of China, ranging across 130 diameter at breast height (DBH), total height (HT), height to crown base (HCB), crown width (CW), crown ratio (CR) were recorded or calculated for each tree in the plots. The crown base was defined to be the location where the lowest living branch is. The stand attributes were summarized in Table 1 .
The trees in each plot were divided into five grades according to their sizes. In each grade, one sample tree was chosen randomly according to DBH and HT outside the plot in the stand, 45 different sizes of trees were selected as sample trees and the biomass of different organs of each sample trees were collected by stem and branch analysis.
8 sample trees were random selected as an independent validation data set, and the data of remaining 36 trees were used for equation fitting. The attributes of sample trees were summarized in Table 2 .
The sample trees were felled and the trunk was cut with 1 m interval. The weights of each 1-m sections were measured and the total amount was taking as the fresh weight of trunk. The discs were taken from the stem at height of 1.3 m, stump, and then at 1 m interval above stump following Smalian's method of stem analysis. The discs were taken back as the sample of trunk. The fresh weight of very branch with leaves within each whorls of sample tree was weighed. A sample branch was selected in each whorl. Then the leaf and branch of the sample branches were separated and the fresh weight of branch (without leaf) and leaf were weighted respectively. Then the fresh weight of branch (without leaf) and leaf of other branches in the same whorl were calculated according to the ratio of branch and leaf. About 100 g leaves and 200 g branches were selected in each whorl as the sample. The sample of trunk, branch and leaf were taken back to be dried in direr under the temperature of 80 o C. Then the water content and dry biomass data of the organs of the sample tree can be obtained.
Establishment of biomass equations
The efficient tree variables were select to estimate biomass of different organs (trunk, branch, leaf and the whole tree) according to the simple correlation analysis between the biomass of different component and tree variables, such as DBH, HT, HCB, CW, CR. It was found that DBH and HT are better determination variables of biomass factor.
The traditional tree biomass equations were fitted separately for each component and whole-tree biomass by using equation:     and       , Where  for biomass, D and H for DBH and tree height, a and b are corresponding parameters.
For traditional biomass models, Equation (1) and Equation (2) was transformed respectively into following form in order to eliminate heteroscedasticity.
The best equations for predicting biomass of different component were selected according to the statistical measures of coefficient of determination (R 2 ) and sum square of error (SSE).
Using independent data, the validation procedures were performed using the following statistical measures: 1) Mean Error (ME): 
Results and Discussion
Characteristic of individual tree biomass in Pinus sylvestnis var. mongolica plantation of different ages
The plantation biomass is influenced by factors of climate, soil and various human disturbances, which leading to great variation of individual tree biomass with sage same stand age. Usually, the biomass accumulation of individual tree increases with the tree age. But there are significant differences for the proportion of various organs biomass at different growth periods of forest.
This paper selected the biggest sample tree (grade I) of 5 plots with large age difference. The biomass of different organs and whole tree of individual tree, and respective proportion, were listed in the Table 3 .
Tree biomass is the result of organic photosynthesis matter accumulation and it changes with stand age and conditions. The statistical results in Table 3 shows that branch, trunk and whole tree biomass increases significantly with stand age, while leaf biomass has a peak at the initial period, then has little change in the forest growth process. Biomass of tree trunks and branches gradually increases with age，it is the result of photosynthesis function. At the beginning of forest growth (12-years), there are lots of leaves to performing photosynthesis for the growth of the whole tree. Then it will remain a stable level with the combination function of tree growth and forest "self-thinning" at medium and mature forest (30-40 years). This is also the explanation of tree growth has a characteristics of "S" shaped curve: a account of leaves was needed when the tree is young and more produced dry matter was distributed to the roots, branches and the self-need of leaf, so the overall growth is slow; middle-aged stage has a rapid growth as lush foliage; when reached a mature stage, the amount of leaf canopy to maintain a steady state, the biomass fixed by the trees through photosynthesis remains a stable level, so the amount of dry matter growth will be lower than a middle-aged stage.
In the Pinus sylvestnis var. mongolica plantation forests of different ages, the biomass proportion of different organs is different. It is mainly due to the allometric growth of individual tree. It can be found in Table 3 , the trunk biomass occupies dominant position of aboveground biomass of all the trees. Normally the allocation pattern in various organs of the biomass as: trunk＞branches＞leaves. The proportion of trunk biomass increases with tree age, which from 36% in 12-years plantation to 91.38% in 45-years forest. In the medium and mature forest, it remains at 80-90%. The proportion of branch and leaf has an inverse tendency versus trunk biomass, which was about 30% in the young forest and 5-10% in the growth forest.
Biomass prediction equations
Equation (1) and (2) for the biomass of different organs and whole-tree were tested and fitted using the biomass fitting data. The fitting results were compared according to statistical measures of coefficient of determination (R 2 ) and sum square of error (SSE). The best equation was found for estimating the biomass of different organs and wholetree in Pinus sylvesris plantation. All the equation developing procedures were performed using STATISTICA 6.0 software.
For developing prediction equations the equation (1) was best to estimate trunk and whole-tree biomass. Equation (2) was best for predicting leaf and branch biomass as a function of D 2 H.
Parameter estimates and fit statistics for best biomass equations for different organs and whole-tree were obtained using nonlinear regression (Table 4 ). The residuals were plotted against the predicted biomass (Fig. 1 ). The residual plot shows no trends with respect to DBH and HT. Parameter estimates, fit statistics and residuals all suggested biologically reasonable behavior and an adequate fit to the data.
The results of equation's parameter estimation show that the biomass of different organs and DBH has a significant proportion relationship. The larger trees with bigger DBH often have higher HT, and they have bigger biomass of different organs, including the trunk, leaves and branches.
Equation validation
For the validation procedure, the performance evaluation criteria were computed with the equations of biomass developed above for the independent validation data set. The validation date set includes biomass data of 18 sample trees (2 sample trees were selected in 1 plots). The result of statistical validation test was summarized in Table 5 .
The results indicated that deviance measures were all fairly low. The average relative error (M%E) of four equations were all less than 10%, the biomass prediction equations of trunk, branch and whole-tree were less than 6%. It shows that the established equations of various organs have no systematic bias. The estimated precisions of all equations for the validation data sets were greater than 90%.
The average absolute relative error (MA%E) of whole-tree, trunk, branches and leaves ranges from 11.33% to 24.87%. That the estimation results of the trunk and whole-tree were better than branches and leaves; the trunk biomass estimation was better than the two organs of the crown. This is consistent with previous research results. The reason is mainly that the crown biomass of trees was great influenced by crown shape, size, and tree growth. These factors were varying with climate and site conditions. They caused great variations of crown biomass. In addition, in biomass surveys, we used sampling methods in the data acquisition of the crown part. The estimation data were affected by the presence of sampling error, which has great influence on equation fitting and estimation results.
Estimation of forest biomass
The biomass of different organs and whole-tree of all the trees in each plot were estimated using the best biomass equations for individual tree developed in this paper previously. Then the forest biomass of 9 plots was calculated and listed in Table 6 .
The total biomass of a stand was related with stand age and forest density under the assumption that the site condition of all the stands in the same research area has no great difference.
As can be seen from Table 6 , the forest biomass of branch, leaf, especial trunk and whole-tree, have an obvious increasing tendency with the increase of stand age. The biomass of trunk and whole-tree in plot Z05 of 47-years were less than the same component biomass in plot Z01 and Z07 of 45-years. It is mainly because that plot Z05 has the smallest forest density of 450 per hectare. Taking plot Z01, Z06 and Z09 as examples to reduce the influence of forest density, the there plot has a similar forest density about 1500 per hectare, and the stand ages were 45, 38, 12 years respectively. It can be found that the biomass of all the organs increased with the stand age. The biomass of branch and leaf of plot Z09 were large than plot Z08 with stand age of 20. It is because Pinus sylvestnis var. mongolica plantation forest in plot Z09 is young forest and the branch and leaf biomass account for a large scale of total biomass, which had been described in previous study. The forest biomass in the plots that stand ages were larger than 45, remains a relative stable trend. It can be conclude that 45-50 years was the mature stand age of Pinus sylvestnis var. mongolica plantation and it can be harvest near the period. The influence of forest density on forest biomass was not significant comparing with stand age. The total biomass of 9 plots almost has no obvious relationship with forest den-sity for the age difference. Considering about the plots of Z05, Z03 and Z01, which have a similar stand age about 45 years, and the forest density were 450, 1100, 1640 per hectare respectively, the forest biomass of all component has the same increasing trend with the number of trees in the forest. There was no further study about the influence of forest density on forest biomass in this paper for the lack of abundant data.
Conclusions
1) The biomass of branch, trunk and whole tree biomass of individual tree in Pinus sylvestnis var. mongolica plantation increases significantly with stand age for the result of photosynthesis. There is a great deal of leaf biomass at the beginning of forest growth period, and then it remains a stable level before the mature age.
Trunk biomass occupies dominant position of aboveground biomass. The proportion of trunk biomass increases with tree age while branch and leaf biomass has an inverse tendency.
2) Diameter at breast height (DBH) and tree eight (HT) were determination independent variables to predict individual tree biomass. The validation results of established equations of different organs of Pinus sylvestnis var. mongolica plantation show that the equations' deviance measures were all fairly low and they have no systematic bias. The estimated precisions of all equations for the validation data sets were greater than 90%.
The estimation results of trunk and whole-tree were better than branch and leaf. The equations of predicting branch and leaf biomass has lower precision for the sampling error in data acquisition process.
3) Normally, the forest biomass of different organs increased with the increasing of stand age and density. But the influence of forestry was not obviously compared with stand age. The harvest period of Pinus sylvestnis var. mongolica plantation is about 45-50 years according to the study.
